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Abstract: Grid integration of photo voltaic (PV)/Battery hy-brid energy conversion system with (i) multi-
functional features of micro grid-side bidirectional voltage source converter (μG-VSC) (ii) tight volatge 
regulation capability of battery converter (iii) MPPT tracking performance of high gain integrated cas-caded 
boost (HGICB) dc-dc Converter with quatratic gain and less current ripple are presented in this paper. The 
PV side HGICB Converter is controlled by P&O MPPT algorithm to extract the maximum power from the 
variable solar irradiation. This paper proposes a modified Instantaneous symmetrical components theory to 
the μG-VSC in micro-grid applications with following intelligent functionalities (a) to feed the generated 
active power in proportional to irradiation levels into the grid (b) compensation of the reactive power, (c) 
load balancing and (d) mitigation of current harmonics generated by non-linear loads, if any, at the point of 
common coupling (PCC), thus enabling the grid to supply only sinusoidal current at unity power factor. The 
battery energy storage system (BESS) is regulated to balance the power between PV generation and utility 
grid. A new control algorithm is also proposed in this paper for the battery converter with tight DC link 
voltage regulation capability. The dynamic performance of battery converter is invistegated and compared 
with conventional average current mode control (ACMC). A model of a hybrid PV Energy Conversion 
System is developed and simulated in MATLAB/SIMULINK environment. The effectiveness of the proposed 
control strategies for HGICB converter and μG-VSC with battery energy conversion system are validated 
through extensive simulation studies. 
I. INTRODUCTION 
Public interconnected power grids are composed of 
complex combinations of generation plants, 
substations, transformers and transmission lines, 
which supply electricity to cities, businesses and 
industry. In addition, there are smaller independent 
power grids that provide power to islands or remote 
areas, which have limited or no access to public 
interconnected grids [1]. Connecting these areas and 
regions to the public grid is a time and money 
consuming process or in some cases physically 
impossible [2]. Traditionally, small stand-alone grids 
are electrified by diesel generators [1]. However, the 
renewable energy resources are attractive sources of 
power, since they can provide sustainable and clean 
power. Hybrid plants can be an integration of diesel 
generators with renewable energy resources such as 
photovoltaic. In addition, integrating a battery energy 
storage system (BESS) with the hybrid plant provides 
significant dynamic operation benefits such as higher 
stability and reliability of power supply [3]. Hybrid 
plants are outlined as an optimum approach for off 
grid power supply options for remote areas 
applications [4]. 
The hybrid plant must continually manage the 
fluctuations of the load and output power of the PV 
field to maintain the nominal frequency of the grid, 
which is a requirement for the satisfactory operation 
of power systems [5], [1]. According to the frequency 
control, the components of the plant are susceptible 
to variations in active power loading, because the 
frequency is dependent on the active power of the 
grid [5]. However, the variations in the output power 
of the diesel generators can lead to adverse effects on 
the operation such as increase of fuel consumption, 
maintenance, slobbering problems etc [6]. 
The objective of this thesis is to analyze different 
control strategies in order to study options for 
improving the operation of PV-diesel generator-
battery hybrid plants in stand-alone applications. The 
studied options focus on reducing the adverse effects 
of the variations in the load and the power of PV 
field. Accordingly, the operation cost can be reduced. 
Therefore, the active power control is analyzed, and 
the effects of the control strategy on the operation 
and costs of the plant are studied according to four 
criterions. Active power control is analyzed 
according to primary control, which provides 
regulation in terms of few seconds, and secondary 
control, which provides much slower regulation [5]. 
In order to analyze the operation of the plant, the 
dynamic operation is run in the software Power 
Factory. Firstly, a model of diesel plant is 
implemented by integrating built-in models of diesel 
generator with its controllers and a load model, and 
then the models of three diesel generators are 
integrated with the load. Moreover, a model of fuel 
consumption measurement is developed in the thesis 
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and integrated. Then, a model of battery energy 
storage system is integrated with the diesel plant and 
load, and then a model of PV field is integrated with 
the plant. After that, the model is integrated with 
supplementary components such as lines and 
transformers. Finally, a model of secondary 
controller is developed in this thesis and integrated 
with the model of the plant. 
Four control strategies in relation to primary and 
secondary control of active power are proposed. Each 
control strategy leads to different performance and 
variations in the output power of the diesel generators 
and the BESS. The operation of the hybrid plant is 
analyzed according to each control strategy according 
to the results of the simulations. The simulation is run 
for an example day according to each control 
strategy. Furthermore, the four control strategies are 
compared according to the four criterions. Finally, an 
economical overview is performed by considering the 
difference of fuel consumption between the proposed 
control strategies. 
II. ACTIVE POWER - FREQUENCY 
CONTROL 
The frequency of a grid is dependent of active power 
and the voltage of the grid is dependent of reactive 
power. For the satisfactory operation of power 
systems, it is important to keep the frequency and 
voltage close to their nominal values. In the simple 
case of one source of power in an island grid (i.e. one 
generator), the automatic voltage regulators (AVR) 
suffice to keep the voltage on target. For the 
frequency control, the speed governor of the 
generator suffices to keep the frequency close to the 
nominal value by accommodating changes in load 
demand as needed. For multiple sources of power in 
parallel, it is important to recognize that there are two 
essential control loops; the frequency control loop, 
which controls the active power sharing and the 
voltage control loop, which controls the reactive 
power sharing [5], [7]. 
III. MODEL OF VOLTAGE CONTROLLER IN 
POWERFACTORY 
The voltage controller controls the excitation current 
by adjusting the excitation voltage of the rotor 
windings. The excitation system controls the reactive 
power of the generator and thus the voltage [5]. 
Although the thesis does not focus on the voltage 
control in the grid, a model of voltage controller must 
be implemented to run a simulation with realistic 
values of voltage. 
The implemented model is an IEEE model from 
global library of PowerFactory [8]. 
 
IV. PHYSICAL DESCRIPTION OF THE BESS 
The battery energy storage system consists of two 
main parts; the electrochemical storage part and the 
rectifier/inverter, which transform the voltage from 
DC to AC and vice versa. The rectifier/inverter is 
usually based on a voltage source converter (VSC), 
whose model is available in PowerFactory. The 
model of the rechargeable battery depends on the 
actual application, because different battery 
technologies have diverse characteristics. Therefore, 
there is no easy accurate model, which is valid for all 
types of batteries. The battery model used in the 
studied plant is lead-acid, which is the most common 
type of batteries for most applications, especially 
with high capacities, because of the relatively lower 
cost compared to other types [14]. 
 
Figure: General structure of the battery energy 
storage system in PowerFactory [14]. 
V. ADVANTAGES OF THE BESS IN OFF 
GRID OPERATION 
The BESS are implemented in parallel with different 
applications of renewable energy in order to improve 
the frequency, voltage, oscillatory and transient 
stability, and hence to increase the reliability of the 
grid. The implementation of the BESS can replace or 
reduce the need of spinning reserve in the network, 
which are the rotating generators. The importance of 
the BESS increases considerably in small or island 
power systems, with rather low spinning reserve, 
when load perturbation has a serious effect on the 
frequency of the grid [3]. 
In the analyzed hybrid plant in this thesis, the BESS 
has a significant role in covering the power change in 
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the network. The BESS is always connected to the 
network even when the PV field or the diesel 
generators provide the power demand adequately. 
The BESS can cover the power unbalance between 
the supplied power and the load of the grid by storing 
the excess energy or supplying the residual demand. 
The BESS charges when the frequency increases, and 
discharges when there is a frequency drop. An 
advantage of implementing the BESS is the faster 
provision of power compared to the diesel generators. 
In addition, the BESS stores the excess energy in the 
grid, in particular when the output power of the PV 
field is higher than the demand [3]. 
VI. MODEL OF THE BATTERY IN 
POWERFACTORY 
The analyzed model of the battery storage system is 
obtained from a built-in template in PowerFactory. 
The model of the battery is described by the terminal 
voltage and the internal resistance, which are 
functions of different characteristics and variables of 
the battery, such as the state of charge (SOC), the age 
and temperature of the battery. The battery is fully 
loaded if the SOC is one and it is zero if the battery is 
empty [14]. 
 
Figure: Simple equivalent circuit of battery [14]. 
Figure shows a simple electrical equivalent of the 
battery, which consists of a voltage source and an 
internal resistance. The resistance and the voltage are 
dependent on the state of charge. The battery voltage 
has non-linear values if the value of state of charge is 
under 0.5 [14]. 
VII. PROPOSED CONTROL STRATEGIES 
The active power control of the plant is in three 
levels; the primary, secondary and dispatch control. 
At any time of operation the three levels of control 
should be available in the plant. The thesis focuses on 
the primary and secondary control, which have 
shorter-term regulation and different function from 
the dispatch control. Therefore, different possible 
control strategies according to primary and secondary 
control are analyzed. The BESS, the diesel generators 
and the PV are considered the power sources in the 
plant. However, the PV field is configured to supply 
all the available energy by the solar irradiation 
without considering the changes of the load, since the 
BESS temporarily stores the excess energy, or 
supplies the residual energy in the grid. Therefore, 
the primary and secondary control from the PV field 
is not considered in the control strategies of the plant. 
On the other hand, the BESS can provide primary 
and secondary control only if it is not fully charged 
or discharged. The BESS is considered in the control 
strategies that it can always provide or share the 
primary or secondary control of the plant since it is 
always connected to the grid [3]. 
The diesel generators are not always connected to the 
grid, especially during sunny days. If the PV field 
receives high irradiation during the day so that 
enough energy is generated, the diesel generators are 
usually disconnected. For this reason, the diesel 
generators cannot be configured to provide all the 
primary or secondary control of the plant. In other 
words, the diesel generators are considered only able 
to share the primary or secondary control of the plant. 
A large number of different sharing combinations of 
primary and secondary control can be suggested. 
However, for the objective of the thesis, four control 
strategies in relation to primary and secondary 
control are proposed and analyzed. 
• Control strategy (1): the primary control of active 
power is provided by the diesel generators and the 
BESS in parallel. All the diesel generators and the 
BESS have the same droop value (0.02 [pu/pu]); 
consequently they have the same sharing of primary 
control according to their rated power. The secondary 
control of active power is provided only by the BESS 
in this control strategy. 
• Control strategy (2): the primary control of active 
power is provided by the diesel generators and the 
BESS in parallel with the same sharing of primary 
control (droop: 0.02 [pu/pu]). The secondary control 
of active power is provided by the diesel generators 
and the BESS in parallel. The BESS provides tow 
thirds of the secondary control, whereas the 
connected diesel generators provide one third 
equally.  
• Control strategy (3): the primary control of active 
power is provided mainly by the BESS (droop: 0.004 
[pu/pu]), which means that the diesel generators 
(droop: 0.1 [pu/pu]) provide a very low primary 
control compared to the BESS. The secondary 
control in this strategy is provided only by the BESS.  
• Control strategy (4): the primary control of active 
power is provided mainly by the BESS (droop: 0.004 
[pu/pu]), which means that the diesel generators 
(droop: 0.1 [pu/pu]) provide a very low primary 
control compared to the BESS. The secondary 
control of active power is provided by the diesel 
generators and the BESS in parallel. The BESS 
provides tow thirds of the secondary control, whereas 
the connected diesel generators provide one third 
equally.  
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VIII. DYNAMIC SIMULATION 
Simulation Of Secondary Control Of The Plant 
In order to study the operation of the secondary 
controller, the simulation results of the plant 
operation are analyzed with a load step of 10% 
increase (Figure 39). The dispatch value of the diesel 
generators is set to the nominal value (0.816 [MW]), 
whereas the dispatch value of the BESS is zero, since 
the BESS can temporarily supply or store energy 
according to frequency control. The simulation 
includes a load increase in active power as a load step 
of 10%. The configuration of the three governors is 
according to Table 1, the configuration of the VP-
controller of the BESS is according to Table 6, and 
the configuration of the secondary controller is 
according to Table 10. 
The simulations represent the four control strategies, 
which are proposed (i.e. 2 2; two cases according to 
primary control and two cases according to secondary 
control). 
Note: all the diesel generators in this simulation have 
the same configuration, so they have thesame output 
power. Therefore, for the short-term simulations, the 
result diagrams show only the output of one diesel 
generator. 
CONTROL STRATEGY 1 
This control strategy represents the operation of the 
plant when the primary control is provided by the 
diesel generators and the BESS in parallel, and the 
secondary control is provided by the BESS. 
 
Simulation results: MPPT Tracking performance 
of HGICB Converter(a) PV Characteristics at 
G=200 W/m2(b) PV Characteristics at G=1000 
W/m2(c) insolation variations (d) PV Maximum 
Power (e) PV Current (f) PV Voltage. 
On the other hand, the output power of the BESS 
increases instantaneously as the load increase 
according to primary control, and then it increases 
again to cover all the extra demanded power by the 
load in order to restore the frequency to the nominal 
value. 
CONTROL STRATEGY 2 
This control strategy represents the operation of the 
plant when the primary control is provided by the 
diesel generators and the BESS in parallel, and the 
secondary control is provided by the diesel generator 
and the BESS in parallel. 
 
Real and Reactive Power flow waveforms of PV 
hybrid generating system. 
 
Simulation results: performance of proposed 
control approach (a) Grid Voltages and currents (b) 
Dc Link Voltage Dynamics with different insolatin 
CONTROL STRATEGY (3) 
This control strategy represents the operation of the 
plant when the primary control and secondary control 
are provided mainly by the BESS shows that the 
frequency drops directly after the load increase, and 
then it retrieves the nominal value after about 85 
seconds. The output power of the diesel generators 
increases slightly according to primary control 
because of the relatively high value of droop, and 
then it stabilizes at the initial value of output power 
according to secondary control. On the other hand, 
the output power of the BESS increases 
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instantaneously as the load increases according to 
primary control, and then it increases slightly until it 
reaches the steady state value according to secondary 
control. 
 
 
Battery performance using proposed control approach to 
bidirectionalbattery converter: (a) Battery Voltage (b) 
State of charge (SOC) (c)Battery current. 
CONTROL STRATEGY (4) 
This control strategy represents the operation of the 
plant when the primary control is provided mainly by 
the BESS, while the secondary control is provided by 
the diesel generator and the BESS in parallel.Figure 
49 shows that the frequency drops directly after the 
load increase, and then it retrieves the nominal value 
after about 95 seconds. The output power of the 
diesel generators increases slightly according to 
primary control, because of the relatively high value 
of droop, and then it increases according to secondary 
control until the frequency stabilizes. On the other 
hand, the output power of the BESS increases 
instantaneously as the load increases according to 
primary control, and then it decreases slightly until it 
reaches the steady state at the nominal value. 
 
IX. CONCLUSION 
The performance of PV/Battery hybrid energy 
conversion system has been demonstrated with the 
application of modified instantaneous symmetrical 
components theroy to μG-VSC proposed in this 
paper, an efficient control strategy is also proposed 
for battery converter to regulatethe dc bus voltage 
tightly, under varying solar insolation and dc load 
conditions. HGICB converter topology is used to 
track the MPPT with high gain and less current 
ripple. The μG-VSC is able to inject the generated 
power into the grid along with harmonic and reactive 
power compensation for unbalanced non-linear load 
at the PCC simultaneously. The system works 
satisfactorily under dynamic conditions. The 
simulation results under a unbalanced non-linear load 
with current THD of 12% confirm that the μG-VSC 
can effectively inject the generated active power 
along with power quality improvement features and 
thus, it maintains a sinusoidal and UPF current at the 
grid side with THD of 2.06%. 
1- Control strategy (1): the primary control is 
provided by the diesel generators and the BESS in 
parallel, and the secondary control is provided only 
by the BESS. 
3- Control strategy (3): the primary and secondary 
control is provided mainly by the BESS. 
4- Control strategy (4): the primary control is 
provided mainly by the BESS, while the secondary 
control is provided by the diesel generators and the 
BESS in parallel. 
The control strategies are compared according to four 
criterions; the frequency deviations, fuel 
consumption, the expected lifetime of the batteries 
and the performance of the diesel generators. 
The results show that each control strategy leads to a 
different level of variations in the output power of the 
diesel generators and the BESS. Control strategy (3) 
leads to more constant output power close to the 
nominal value of the diesel generators, whereas 
control strategy (2) leads to a higher level of 
variations in the output power of the diesel 
generators, while control strategy (4) and (1) lead to 
the second and third higher levels of the variations in 
the loading of the diesel generators respectively. 
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